The mesoporous material Al-Mobil Composition of Matter No. 41 (Al-MCM-41) was successfully obtained from kaolin, a low cost raw material, by means of hydrothermal route. The process of synthesis of Al-MCM-41 was based on calcination of kaolin, dealumination by acid treatment, hydrothermal synthesis in alkaline medium and surfactant extraction. The characterization of the obtained mesoporous material was carried out by techniques such as: X-ray diffraction, infrared vibrational spectroscopy, 29 Si and 27 Al solid state nuclear magnetic resonance, scanning electron microscopy, transmission electron microscopy and N 2 adsorption-desorption. The X-ray diffraction at low angles allowed the determination of the cell parameter, which was 4.02 nm. The analyses of scanning and transmission electron microscopy revealed important morphological properties of the synthesized material. N 2 adsorption/desorption showed a Brunauer-Emmett-Teller (BET) specific surface area of 1,303 m 2 g -1
Introduction
There are many different types of commercially available dyes, and they usually have high stability to light, temperature, detergents and microbial attack. Approximately 3,500 t of dye components are discharged into aqueous streams every year. 1 In general, even very small amounts of dye in water (10-50 mg L -1 ) are highly visible, affecting water transparency and disturbing the aquatic environment. 2 Many dyes and their degradation products are toxic and carcinogenic, which requires efficient methods of removal from wastewaters. 3 The azo dye is produced by diazotization of aromatic amines and is the most widely used class of dyes in industries such as textile, printing, leather, papermaking, etc. 4 One important type of azo dye is methylene blue (MB), or 3,7-bis(dimethylamino)-phenothiazin-5-ium chloride, a cationic dye commonly applied to cotton, wood, and silk and that can cause various symptoms including difficulty in breathing, nausea, and vomiting, and can also impair photosynthetic processes in aquatic ecosystems. 5 This way, there is a high demand for treatment of effluents containing such dye. 6 Several chemical, physical and biological methods have been applied in order to remove dyes from wastewaters, including chemical coagulation/flocculation, ozonation, oxidation processes, ion exchange and ultrafiltration, but they can present considerable disadvantages as high cost and generation of secondary pollutants. 7 Adsorption is an important method to remove dyes and to control the biochemical oxygen demand. 8 A representative material used as adsorbent is activated carbon, which is widely used as adsorbent for removal of dyes, but it is found to be ineffective due to its high cost and low reusability. 9 Due to properties such as high surface area, large pore size and pore volume, the mesoporous material Mobil Composition of Matter No. 41 (MCM-41) is especially attractive as adsorbent for organic dyes from wastewater. 3, 10 The traditional synthesis of this type of ordered mesoporous materials is based on the hydrothermal route that uses an organic source of silica, e.g., tetraethyl orthosilicate (TEOS) and a surfactant, which plays the role of the structure directing agent, and that must be removed after the silica condensation so that the mesopores become available. [11] [12] [13] [14] Such reagents are usually expensive and the MCM-41 materials built with pure-silica are of limited use for some applications, because of the lack of acid sites and poor ion-exchange capacity. 15 Several studies have been devoted to the search of cheaper raw materials that could overcome the high costs associated with the synthesis of MCM-41. [16] [17] [18] [19] Different types of low cost materials as coal fly ash and clays have been used as alternative sources of silica and alumina in mesoporous materials synthesis, 20, 21 which was proven to be a way to decrease the costs involved in the synthesis processes.
One property that represents a limitation for the widespread industrial application of materials as MCM-41 is its relatively low thermal stability. 22 Mesoporous materials in which silica is partially substituted by metallic species tend to present improved properties. For example, the incorporation of aluminum in MCM structure is important due to the nature of the acid sites, noticeably the Brönsted acid sites generated by the presence of tetrahedrallycoordinated aluminum. 23 This way, the inclusion of metal cations into the silicate framework contributes to improve the acidic properties as well as the adsorptive properties. [24] [25] [26] The Al-MCM-41, i.e., the MCM-41 containing framework aluminum, presents improved acidic characteristics and is considered to be of great importance for several applications. 27, 28 In this work, we report the synthesis and the full characterization of the mesoporous material Al-MCM-41 by using calcined/dealuminated kaolin as the only silica and alumina source together with the surfactant cetyltrimethylammonium bromide (CTAB) in alkaline medium, and its use for removal of MB in aqueous medium.
Experimental

Synthesis
Prior to the mesoporous material synthesis, kaolin provided by Caulisa S. A. was calcined at 600 o C for 2 h, with heating rate of 10 o C min -1 . This step was necessary so that kaolin could be converted to its more reactive form, metakaolin. Then, metakaolin underwent a process of dealuminization by acid treatment. A sample of 10 g of metakaolin was transferred to a round flask of 500 mL capacity, in which 100 mL of 2. . A reference sample of MCM-41, without aluminum, was prepared following the method reported by Abu-Zied et al. 14 For this, 2.5 g of CTAB were dissolved in 50 g of deionized water, in a polypropylene flask. Then, 17 mL of 28% m/m NH 3 and 76 mL of ethanol were added to the surfactant solution. The mixture was stirred for 15 min and then 5 mL of TEOS were added, resulting in the formation of a gel. This gel was stirred for 2 h and aged for another 2 h. The solid produced was centrifuged, washed with distilled water 6 times and dried overnight at 110 o C. The sample was calcined at 600 o C for 4 h, with heating rate of 1 o C min -1 .
Characterization
X-ray diffraction (XRD) analysis was performed in a Shimadzu XDR 7000 by using a Bragg-Brentano geometry. The powder pattern was collected in the continuous mode with scan speed of 2 min -1 (2θ). Cu Kα (λ = 0.154056 nm) radiation was used with the tube operating at 40 kV and 30 mA.
The chemical compositions of the samples were determined by X-ray fluorescence (XRF) with a Rigaku spectrometer, model ZSX Mini II, operating with a tube of Pd (40 kV, 1.2 mA).
Fourier transform infrared (FTIR) measurements were performed with a PerkinElmer FT-IR Spectrum spectrometer, with a nominal resolution of 2 cm The pore size distribution was calculated by the Barrett-Joyner-Halenda (BJH) method using the desorption isotherm. 29 Si and 27 Al solid state nuclear magnetic resonance (NMR) measurements of kaolin, metakaolin, as-synthesized Al-MCM-41 and Al-MCM-41 were carried out at 300 and 60 MHz in a Bruker spectrometer, model Avance II.
Scanning electron microscopy (SEM) analyses were carried out in an FEI Quanta 450 FEG. The samples were prepared on double-sided carbon tape on an aluminum support and coated with a thin layer of gold.
Transmission electron microscopy (TEM) analyses were performed by using a few milligrams of the powder dispersed in isopropyl alcohol and sonicated for 15 min. Two drops of the dispersion were placed onto a copper grid (300 mesh) with a lacey carbon film. The samples were analyzed in a 200 keV JEOL-JEM 2100 microscope (spot size: 20-200 nm).
MB removal
Al-MCM-41 was evaluated for the adsorption of MB by performing batches containing 50 mg of Al-MCM-41 in contact with 20 mL of 10 mg L -1 MB solution under orbital stirring (250 rpm), at 25 o C. The concentration of MB was determined by means of the maximum absorbance at 664 nm, using a Shimadzu UV-1800 UV-Vis spectrophotometer. For kinetic measurements, solutions were collected at different intervals in a range of 1-360 min. For obtaining the adsorption isotherm, the experiments were carried out for 30 min so that the adsorption equilibrium could be reached. The data from the adsorption isotherm were used to determine the adsorption capacity, q e (mg g 
Results and Discussion
The powder XRD pattern of the synthesized Al-MCM-41 sample, shown in Figure 1a , presents four peaks in the low angle region from 1 to 8 o , which were indexed as (100), (110), (200) and (210), and are consistent with a hexagonal lattice symmetry, typical of mesoporous Al-MCM-41 structure. 30 The interplanar distance of the [100] direction (d 100 ) is 3.48 nm and the hexagonal unit cell parameter (a o ), which is equal to the internal pore diameter plus the pore wall thickness, 31 was calculated by , giving 4.02 nm. These results are consistent with the results reported in the literature and indicate a wellstructured mesoporous arrangement. [32] [33] [34] In the high angle range of 5 to 50 o , no diffraction peaks were observed for Al-MCM-41, which indicates the absence of other aluminum compounds and confirms the amorphous nature of the material (see Supplementary Information). Figure 1b shows the XRD pattern for the sample CTAB-Al-MCM-41, which corresponds to the as-synthesized Al-MCM-41 sample, i.e., the sample without calcination. Although the main peak is not well resolved, it is possible to identify an intense signal in the region corresponding to the (100) peak. After the calcination, as it can be observed, XRD peaks appear more intense and much better resolved, with 2θ positions tending to be dislocated to higher angles, indicating additional condensation of the framework, which results in a contraction of the lattice as the surfactant is extracted and in the porous structure improvement. The XRD pattern of the sample MCM-41 is presented in Figure 1c . The peak (100) appears at 2.59
o , but with poorer resolution when compared to the sample containing aluminum.
The chemical compositions of the samples are shown in Table 1 . The thermal activation of kaolin, i.e., its conversion to metakaolin by calcination, affects only slightly the aluminum concentration, maintaining the Si/Al essentially unaltered, and is an important step for increasing the reactivity of the clay. 35 The dealumination process implies in the Si/Al ratio increasing from 1.7 to 31.6, indicating the removal of a significant amount of aluminum, creating a more suitable condition for the mesoporous materials synthesis since a low Si/Al value induces the formation of aluminum-rich dense phase. 36 The final Si/Al ratio observed for the Al-MCM-41 sample is 32.1, which is essentially the same as the dealuminated metakaolin precursor.
The infrared vibrational spectra of kaolin, metakaolin, dealuminated metakaolin and Al-MCM-41 are shown in Figure 2 .
In Figure 2a , the bands that appear in the region between 1032 and 430 cm -1 are typical of kaolin. 37 The lack of these bands in Figure 2b indicates loss of the crystalline structure of the clay after the calcination step, giving rise to its amorphous form metakaolin. The bands at 3695 and 3619 cm -1 that appear in the kaolin spectrum were not observed in the metakaolin spectrum, which means loss of water from kaolin, since these bands are related to the presence of OH groups. 21 According to Du and Yang, 38 calcination leads to the break of the kaolin crystalline structure, which can be verified by means of the metakaolin spectrum (Figure 2b ), in which a broad band results from the superposition of the bands at 1116 and 1008 cm -1 observed in kaolin spectrum (Figure 2a) , as well as the superposition of the bands between 793 and 754 cm -1 result in another broad band. Dealuminated metakaolin has its spectrum shown in Figure 2c . A broad band at 3439 cm -1 can be attributed to the surface containing silanol groups together with adsorbed water molecules. 24 The bands at 946 and 796 cm -1 , related to stretching of silanol groups and tetrahedrally-coordinated silicon, appear after the acid treatment and indicate an efficient process towards the aluminum removal. Figure 2d shows the FTIR spectrum for Al-MCM-41. The bands observed at 3454 and 1637 cm -1 correspond to water adsorption by silanol groups located on the surface of the mesoporous material and the vibrational deformation of adsorbed water, respectively. 21, 39 The band at 1234 cm -1 is typical of silica/aluminosilicate mesoporous materials. 40 The N 2 adsorption-desorption isotherms for the calcined Al-MCM-41, together with its pore size distribution calculated by using the BJH method, are shown in Figure 3 .
The shape of the isotherm is consistent with a type IV by the International Union of Pure and Applied Chemistry (IUPAC) classification, 41 and the observed hysteresis loop is characteristic of a mesoporous material, with tubular mesopores in an ordered hexagonal array. 42 The BET surface specific area was 1,303 m 2 g -1
, with a pore volume of 1.19 cm 3 g -1 , values considered high for this kind of material. 24, 43, 44 The sharp inflection at about P / P o = 0.26, also called point B, indicates the stage from monolayer coverage to multilayer adsorption, and corresponds to capillary condensation within uniform mesopores and a narrow pore size distribution of uniform size.
38,45 A plateau with a slight inclination at high values of relative pressures is also observed, and may be associated with multilayer adsorption on the external surface. 46 An uptake at relative pressure close to 1.0 indicates the existence of macropores, probably resulting from agglomeration of small particles. 47 The pore size distribution (Figure 3b ) presents a main sharp peak centered at 2.4 nm, showing the presence of uniform mesopores. Figure 4 shows the thermogravimetric curves, and the corresponding derivative curves of CTAB, as-synthesized Al-MCM-41 and Al-MCM-41. These analyses were carried out targeting information about the thermal stability of the Al-MCM-41 as well as the removal of CTAB. The principal data are summarized in Table 2 .
In order to simplify the presentation of data, the thermogravimetric events were named as A, B and C for which each set of percentage of weight loss and correspondent temperature range is presented. All weight of CTAB is lost when the temperature reaches 218 Al NMR spectra for Al-MCM-41 and the raw material used in its synthesis, i.e., kaolin, as well as the intermediates are presented in Figure 5 . The 29 Si NMR signals are referred to as Qn = Si [nSi, (4 -n)OH], or Si [nSi, (4 -n)Al], in which n varies from 1 to 4. 48 In Figure 5a , a single narrow signal at -92 ppm (Q 2 ) in the 29 Si NMR spectrum is characteristic of four-coordinate tetrahedral silicon, which is bonded to other four silicon atoms through oxygen. 49 When kaolin is thermally activated, giving rise to metakaolin, a broad peak is observed (Figure 5b) indicating a series of different chemical and structural environments around the silicon atom, which results from the dehydroxylation followed by changes in Si-O-Si(Al) bond angles. This scenario is usually found in amorphous silicates. 50 The
29
Si NMR spectrum for acid treated sample is shown in Figure 5c , with two main signals at -102 and -109 ppm. The first signal is typical of the appearance of free silanol groups, (SiO) 3 SiOH, indicated as silicon site Q 3 , as the species (SiO) 3 SiOAl undergo a partial replacement of the aluminum by hydrogen atoms. When the silanol structures condense, they generate the siloxane groups, (SiO) 4 Si, which are evidenced by the signal at -109 ppm, described as Q 4 sites. 38 This is a strong indication that not only has the original two-dimensional stable structure existing in kaolin been lost, but also that the three-dimensional expected structure for the Al-MCM-41 begins to be observable. The 29 Si NMR spectrum in Figure 5d , for the synthesized Al-MCM-41, shows three signals, indicated as Q 2 , Q 3 and Q 4 . There is a clear predominance of Q 4 sites over the others, since the signal at -109 ppm presents higher intensity, which indicates highly cross-linked framework walls. 51 Furthermore, the Q 3 / Q 4 ratio provides a way of measuring the degree of silanol group condensation: the smaller this ratio the higher the degree of silanol condensation. 48 In Figure 5a , a single strong peak at d = -2.5 ppm is observed in the 27 Al NMR, which might be assigned to 6-coordinated Al (Al VI ). 52 After being converted to metakaolin by thermal activation at 773 K, three peaks are observed in maintains itself in the original kaolin form, the signal at 55 ppm shows the formation of tetrahedrally coordinated Al, which results from the partial destruction of the octahedrally arranged aluminum in the kaolin structure, which can be represented by the equation: [AlO 2 (OH) 4 ] → AlO 4 + 2H 2 O. 24 The third signal, at 24 ppm, is attributed to the presence of 5-coordinated Al V , 49 an intermediate whose signal disappears when the acid treatment is carried out, as can be seen in Figure 5c . If a complete conversion of kaolin into the amorphous Al-MCM-41 took place, the three aluminum species present in the metakaolin should be completely converted to tetrahedral Al IV , generating a single signal for tetrahedrally coordinated Al, Al IV in the framework of material. 51 However, the 27 Al NMR spectrum exhibits two main signals, at 55 and 3 ppm (Figure 5d ), attributed to tetrahedrally coordinated framework aluminum and octahedrally coordinated non-framework aluminum, the latter probably in the form of [Al(H 2 O 6 )] 3+ inside the pores. 38, 48 Kaolin can present either low, medium or high crystalline order depending on its genesis, and the kind of crystal order affects considerably its reactivity. 53 SEM micrograph of kaolin provides a quick way to evaluate such property. From Figure 6a , one may clearly note the existence of flat plate particles with sizes of around 1 µm. Figure 6b shows the flat particles stacked together. When kaolin is thermally treated, it is converted to its metakaolin form, which is shown in Figures 6c and 6d . In this case, no appreciable changes can be observed by means of microscopy. After the acid treatment of the metakaolin (Figures 6e and 6f) , although the flat particles are still observable, a decrease in their thickness can be inferred due to the acid attack. It is important to notice that such attack is directed for the aluminum removal. From Figures  6g and 6h , it can be seen that the characteristic form of kaolin, and its direct derivatives, tends to change giving rise to particles with non-uniform shapes. Figure 7 shows the images of the Al-MCM-41 samples obtained from TEM. Figure 7a shows a cross-sectional view along the [100] direction, in which it is easily noticed that the mesoporous material contains regular arrangements of hexagonal pores in a honeycomb arrangement. In Al NMR spectrum (Figure 5b ). While the signal at 3 ppm indicates that most of the aluminum in the metakaolin Figure 7b , well-ordered arrays of hexagonal channels are also observable. The average size of the mesopores agrees with what is observed in nitrogen adsorption-desorption isotherms. These micrographs reinforce that the material possesses a uniform pore system, as inferred from the X-ray patterns as well.
The contact time of MB on Al-MCM-41 is shown in Figure 8a . A simple analysis indicates that for the conditions used, the maximum MB removal (about 99%) is verified in the first 5 min. The isotherm data on the adsorption of MB on Al-MCM-41 are presented in Figure 8b . The adsorption isotherm shows the distribution of the adsorption molecules between the liquid phase and the solid phase when the adsorption process reaches equilibrium. 54 The observed adsorption increases with the increment of MB concentrations, as expected, until the equilibrium is reached.
The adsorption data for MB on the sample Al-MCM-41 were analyzed by Langmuir model, which assumes that the adsorption occurs on a homogenous surface with no interaction between adsorbates in the plane of the surface. 55, 56 The isotherm can be represented as follows:
where q max is the theoretical maximum adsorption capacity (mg g -1 ) and K L is the Langmuir constant. Langmuir shape of the isotherm means that there is no strong competition between the solvent and the adsorbate to occupy the adsorbent sites, indicating the high potential of Al-MCM-41 as adsorbent for MB. 57 The maximum adsorption capacity was determined according to the linear form of the Langmuir isotherm:
The theoretical maximum adsorption capacity of the synthesized Al-MCM-41 for MB, as obtained from Figure 8c , 58 and carbons (262 mg g -1 ), 59 and is comparable to activated carbon (333 mg g -1 ), 7 the latter with the disadvantage of being difficult to be reused. A hydroxylated surface of the Al-MCM-41, due to silanol groups, is probably the main responsible for the strong interactions between the MB molecules and the material mesopores.
Conclusions
Synthesis of the mesoporous material Al-MCM-41 by hydrothermal route using kaolin as the main raw material was successfully achieved. The dealumination process led to an increase of the Si/Al ratio so that the reaction mixture could be suitable for the synthesis of Al-MCM-41. ) and the relatively high thermal stability indicate that the obtained material can be useful in a variety of applications, with the advantage of being made by means of a cost-effective process, with the kaolin employed as raw material. The adsorption experiments reveal that the Al-MCM-41 synthesized is an effective adsorbent for MB removal in aqueous solution, with a theoretical maximum adsorption capacity of 316 mg g -1 , reaching equilibrium in few minutes. These results indicate that the Al-MCM-41 obtained from kaolin could be considered as a potential adsorbent for MB removal from aqueous media.
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